ABSTRACT Addition of Na' to Na'-depleted Swiss 3T3 cells causes a rapid and dramatic increase in intracellular pH, as monitored by uptake of the weak acid 5,5-dimethyloxazolidine-2,4-dione. The effect ofNa' is concentration dependent (half-maximal effect at 38 mM); this cation can be replaced by Li' but not by K+ or the choline ion. Amiloride prevents the Na'-induced increase in intracellular pH and also blocks the entry of Na' into 3T3 cells; the half-maximal concentrations ofamiloride for inhibiting the two processes are similar (40 IAM). Increase in extracellular pH caused an increase in the initial rate of Na+ influx that was of sufficient magnitude to stimulate the activity of the Na+/K+ pump in quiescent 3T3 cells. Taken together, these findings suggest the presence of a functional Na+/H+ antiport in Swiss 3T3 cells. Addition of the potent mitogenic combination platelet-derived growth factor, vasopressin, and insulin to quiescent Swiss 3T3 cells increased the intracellular pH from 7.21 ± 0.07 to 7.36 ± 0.09 in 10 independent experiments (P < 0.001). This combination of growth factors also stimulated Na+ entry and ouabain-sensitive Rb+ uptake. The data support the hypothesis that early changes in ion fluxes play a role in signaling mitogenesis in 3T3 cells.
Quiescent cultures of 3T3 cells can be stimulated to reinitiate DNA synthesis and cell division by addition of fresh serum or combinations of growth-promoting factors (1) . Early changes in monovalent ion fluxes have been implicated in mediating the mitogenic response of3T3 cells to growth-promoting factors (2, 3) . Thus, an increased rate of Na+ entry is one of the earliest responses known to the addition of chemically diverse mitogenic agents including serum (4, 5) , platelet-derived growth factor (PDGF) (5), fibroblast-derived growth factor (6), vasopressin (7, 8) , phorbol esters (9) , and melittin (10) . Increased Na+ entry into mitogen-treated 3T3 cells rapidly stimulates the activity of the Na'/K+ pump (4, 5, 11, 12) and enhances the cellular level of K+ (11) (12) (13) . It has been proposed that the entry ofNa+ or the movement ofanother cation coupled to Na+ could signal the initiation of cell proliferation (1) (2) (3) .
The translocation of Na+ across the plasma membrane ofcertain animal cells is mediated, at least in part, by an electroneutral amiloride-sensitive Na+/H+ antiport system (14) . The existence ofamiloride-sensitive Li+ and Na' fluxes in murine (15) , hamster (16) , and human (17) fibroblasts has been reported, but whether Na+ entry is coupled to proton exit in untransformed cells attached to a substratum (a condition required for mitogenic stimulation) remains unknown. If Na+/H+ exchange exists in 3T3 cells, a discharge ofprotons from mitogen-stimulated cells, with a concomitant rise in intracellular pH, could occur simultaneously with the increase in Na+ that was previously documented (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . The results presented here provide evidence for the presence of an amiloride-sensitive Na+/H+ system in intact substratum-attached 3T3 cells. Accordingly, when quiescent cultures of 3T3 cells are treated with a potent combination of growth factors, the intracellular pH increases from 7.21 ± 0.07 to 7.36 ± 0.09 in a Na+-dependent manner.
MATERIALS AND METHODS Cell Culture. Stock cultures of Swiss 3T3 cells (18) were maintained in Dulbecco's modified Eagle's medium (DME medium)/10% fetal calfserum containing penicillin at 100 unit/ ml and streptomycin at 100 ,ug/ml in humidified 10% C02/ 90% air at 37°C. Cells (105 per dish) were subcultured into 30-mm Nunc Petri dishes with medium containing 10% fetal calf serum and grown to confluence in this medium.
Measurement of Intracellular pH. Intracellular pH was measured using either the weak acid 5,5-dimethyl[2-'4C]-oxazolidine-2,4-dione (DMO) or [7-14C] benzoic acid (14, 19) .
Cultures in 30-mm dishes were washed twice with modified DME medium (70 mM NaCI, 38 mM Hepes, pH adjusted to 7.0 with HCl) and incubated for various times in 0.9 ml of experimental medium, and then 40 Al of [14C]DMO (final concentration, 133 ,AM; 1.3-1.8 X 106 cpm) was added to each of four replicates. After 15-25 min of incubation in humidified 10% C02/90% air at 37°C, the dishes were washed rapidly (the washing of each dish was finished in 5.3 ± 0.4 sec) with three portions of 0. 1 M MgCl2 at 4°C and the cells were solubilized in 1 ml of 0.1 M NaOH/2% Na2CO3. Radioactivity was assayed in a-liquid scintillation counter. Intracellular water space per dish was calculated based on the amount of protein in the dish (20) and a previously estimated value of 8 ,ul of cell water per mg of protein (13) . .The amount of "trapped" DMO was measured in each experiment by rapid washing of precooled dishes immediately after the addition ofDMO. These values were routinely subtracted from the experimental points.
'Rb+ Uptake. Uptake of 86Rb+ was measured as described (4, 5, 11 stimulated with insulin (10 ,g/ml), vasopressin (40 ng/ml), and PDGF (0.9 ,ug/ml) during 1 hr at pH 7.00 in modified DME medium. At the onset of the experiment, 133 ,uM DMO (1.0 x 106 cpm) was added. The cultures were incubated at 37°C
for various times and then rapidly washed with 0.1 M MgCI2. (Inset) The cultures were treated as described above, except that, after adding the second wash solution, removal of the fluid was delayed for various lengths of time. The total efflux time was calculated by adding these time periods to the average washing time (5.3 sec).
237 AuM (extracellular, 130 tuM), which, in turn, yields an estimated pH value of 7.3. This estimated pH was independent of the DMO concentration in the 0.015-4.2 mM range.
To substantiate the data obtained with DMO, we have also measured uptake ofbenzoic acid, an acid that effluxes from the cell slower than DMO (not shown). Estimation of intracellular pH from the measured uptake yields a value of 7.35, almost identical to the one obtained with DMO. To assess the amount of DMO taken up into the mitochondrial compartment, we have used inhibitors of either the electron transport chain or the mitochondrial ATPase. Addition of rotenone (0.1-1 [LM), rutamycin (0.4-2 ttg/ml), or both at concentrations found effective in intact cells (23) caused no significant inhibition of DMO uptake. Thus, the amounts of DMO uptake measured after rapidly washing attached Swiss 3T3 cells yield an estimate of cytoplasmic pH.
Effect of Extracellular Na' on Intracellular pH. As shown in Table 1 , intracellular pH declines from 7.31 to 6.68 when 3T3 cells are incubated in a medium in which the standard Na' concentration has been replaced by an equivalent concentration of choline. Addition of 30 mM Na' to such Na'-depleted cultures causes marked restoration of intracellular pH; a similar effect can be seen when Li' is added instead of Na' whereas K+ and choline were not effective. The effect of Na+ is seen in both the absence and presence of CO3H- (Table 1) . To determine the kinetics of the Na+-induced increase in intracellular pH, cultures of 3T3 cells were incubated in a Na+-deprived medium and then exposed to Na+ and [14C]DMO for various times. As shown in Fig. 2A , addition of Na+ causes a rapid increase in intracellular pH; the maximal effect was achieved after 5 min of incubation and is maintained for at least 20 min. Na+ increases the intracellular pH in a concentration-dependent manner (Fig. 2B) ; the half-maximal effect was obtained at 38 mM.
Effect of Amiloride on 'Na' Influx and on ['4C]DMO Uptake. The marked effect ofextracellular Na+ on the intracellular pH is consistent with the existence ofa Na+/H+ antiport system in Swiss 3T3 cells. In a variety of cell types, Na+/H+ exchange is sensitive to the diuretic amiloride (14, 16, 24, 25) . To determine the effects of amiloride on 3T3 cells, the cultures were washed and transferred to Na+-free choline-containing medium Quiescent cultures of 3T3 cells were incubated in various media for 1 hr. The electrolyte solutions were supplemented with glucose (10 mM ) and all the media were supplemented with insulin (10 ,tg/ml), vasopressin (40 ng/ml), and PDGF (0.9 ,u/ml). Salts added at the onset of the experiment were at 30 mM; [ in the absence or presence of various concentrations of amiloride. Then, we measured the initial rate of 22Na' uptake ( Fig.  3A) and, in parallel. cultures, the steady-state intracellular concentration of ['4C]DMO (Fig. 3B) . The results show that amiloride causes a marked and dose-dependent inhibition of 22Na' influx and of Na+-induced increase in intracellular pH. The half-maximal concentration required to produce both effects (inhibition of22Na' influx and [14C]DMO uptake) was identical (40 uM). The. specificity of the inhibition by amiloride is indicated by the-fact that this drug fails to, inhibit monensin-mediated Na+ influx (3) (4) (5) Fig. 4A , the initial rate of 'Na+ entry was markedly increased in cultures shifted to an extracellular pH of 7.7 as compared with those adjusted to pH 6.7. These findings are consistent with the presence of a functional Na+/H+ antiport in 3T3 cells. 'The Na+/K+ pump ofquiescent 3T3 cells is sensitive to small fluctuations in cellular Na+ and the stimulation of Na+ influx caused by growth-promoting factors is sufficient to increase the activity ofthe Na+/K+ pump (2-5). In view ofthe marked effect ofextracellular pH on Na+ entry, we tested whether an increase in extracellular pH can stimulate the Na+/K+ pump. As shown in Fig. 4B , increasing the extracellular pH from 7.4 to 7.8 stimulated the activity of the pump 2-fold, measured as ouabainsensitive 'Rb+ uptake. Fig. 2A . Amiloride was added as indicated, and incubation was continued-for 60 min. When Na+ uptake was assayed, ouabain (2 mM) was added 20 min before the beginning of the experiment. The-experiment was started by addition of either 30 mM NaCl/133 uM [(4C]DMO (1.8 x 106 cpm) or 30 mM NaCl containing 4 x 106 cpm of 22Na'. Na+ uptake was terminated after 3 min (it was linear over this time), whereas the cultures exposed to DMO were incubated for 20 min. Control uptake values: Na+, 17 Fig. 2A , except that choline chloride was used in place of choline bicarbonate and the pH was brought to 7.15 with Tris base. Incubation (2 hr) and the experiment were carried out at 3700 in humidified 100% air (no C02). At the onset of the experiments, various additionswere made: o, 27 mM NaCl and 10 mM HC1, to give a pH of 6.7;e, 9 mM NaCl and 18 mM NaMH, to give a pH of 7.7. In each case, the mixtures contained 4 x 106 cpm of 22Na'. Ouabain (2 mM) was added 20 min prior to the beginning of the experiment. (B) Confluent cultures of 3T3 cells were incubated for 1 hr in modified DME medium (10 mM NaCl/20 mM Hepes) having a pH adjusted with either Tris base or HCl and equilibrated in humidified 10% C02/90% air at 370C prior to addition to the dishes. At the end of the incubation, 86Rb+ was added (2.5 x 106 cpm) and incubation was continued for a further 15-min period, after which the cells were washed and assayed for Rb+ uptake.
Proc. Natl. Acad. Sci. USA 79 (1982) 7781 (24) , hamster fibroblastic cells (16) , and kidney epithelial cells (25) . An increase in Na' influx is one of the earliest responses of quiescent cells to the addition of growth-promoting factors (1-10). If Na+/H' exchange represents an important pathway for the entry of Na' into mitogen-stimulated 3T3 cells, a rise in intracellular pH should occur simultaneously with the increase in Na' entry triggered by the addition of mitogenic agents to quiescent cells. The findings presented here (Table 2) provide direct evidence in support ofthis prediction. Specifically, when quiescent cultures of 3T3 cells are treated with the potent mitogenic combination ofPDGF, vasopressin, and insulin (26) , the intracellular pH increases from 7.21 ± 0.07 to 7.36 ± 0.09 (n = 10; P < 0.001). Changes in intracellular pH have been found in a variety of biological systems and, in some of these, cytoplasmic alkalinization has been implicated as a crucial part of the control mechanism (see ref. 19 for review). Significantly, a rapid rise in intracellular pH (from 7.18 to 7.35) has been reported to occur when quiescent lymphocytes are stimulated to proliferate by lectins (27) . Whether this change in intracellular pH results from the activation of Na+/H+ exchange remains to be investigated.
Because Na+ entry into 3T3 cells is, at least in part, coupled to exit of H+, a rise in the extracellular pH enhances Na+ entry and stimulates the Na+/K+ pump. These findings raise the possibility that higher extracellular pH could selectively replace certain growth-promoting factors in their ability to synergistically stimulate DNA synthesis in 3T3 cells maintained in serumfree medium, a prediction verified by our recent experiments (unpublished results). Thus, the hypothesis that early changes in ion fluxes and redistributions (1-3) play a role in signaling initiation of proliferation of quiescent cells remains attractive.
